To investigate carotid haemodynamic characteristics in essential hypertensive patients with left ventricular hypertrophy, we evaluated the structure and function as well as blood flow of the common carotid artery by using a combination of B-mode ultrasound and pulsedDoppler in control subjects (n = 38), and hypertensive patients with (n = 40) and without (n = 27) left ventricular hypertrophy. Hypertensive patients had a higher intimamedial thickness compared with control subjects. Diastolic/systolic flow velocity ratio as well as flow volume ratio was significantly decreased in hypertensive
Introduction
It is widely recognised that arterial hypertension is frequently associated with an increased risk of atherosclerosis. Recently, B-mode ultrasound imaging of the common carotid artery (CCA) has been developed and standardised for in vivo evaluation of early atherosclerotic lesions. 1 Intima-media thickness (IMT) of the artery measured by this method has been validated by anatomical evaluation. 2 It has been shown that not only established hypertensive patients, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] but also borderline hypertensive patients 14 have a greater intima-media thickness and a higher prevalence of plaques in the common carotid artery than normotensive individuals. Furthermore, it was also demonstrated that abnormal findings of the carotid artery are related to cardiovascular complications 15 and to future cerebrovascular events, 16 suggesting that early detection and management of patients using this method may be of considerable clinical importance. Doppler ultrasound is also used as a method to evaluate not only to detect significant stenosis but also haemodynamic information in the common carotid artery. 17 Left ventricular hypertrophy (LVH) is another independent risk factor for cardiovascular morbidity Correspondence: Katsuhiko Kohara, The Second Department of Internal Medicine, Ehime University, School of Medicine, Onsengun, Ehime 791-02, Japan Received 21 May 1997; revised 13 October 1997; accepted 14 October 1997 patients with left ventricular hypertrophy in association with decline of distensibility of the common carotid artery. In the hypertensive patients with left ventricular hypertrophy, diastolic/systolic flow velocity ratio as well as flow volume ratio had significant correlation with diastolic blood pressure, pulse pressure and carotid arterial distensibility. These findings indicate that diastolic blood flow in the common carotid artery is impaired in hypertensive patients with left ventricular hypertrophy. Decreased distensibility and low diastolic perfusion pressure may be the underlying mechanisms.
and mortality in hypertensive patients. 18 LVH is not only associated with cardiac events but also stroke. 19 The strong link between the carotid artery and cardiac structure has been reported. 3, 4, 20, 21 Carotid haemodynamics in hypertensive patients have also been evaluated in essential hypertensive patients. The common carotid blood flow remains constant in younger hypertensive patients, while in the elderly carotid blood flow has been shown significantly decreased. 22 However, there has not been a study evaluating the relationship between haemodynamic alteration in the carotid artery and LVH in hypertensive patients, which could uncover the underlying mechanisms linking between LVH and stroke.
In the present study, we evaluated structure and function as well as blood flow of the common carotid artery using a combination of B-mode ultrasound and pulsed-Doppler. We also analysed the factors that influence carotid blood flow in hypertensive patients with LVH.
Subjects and methods
Sixty-seven hypertensive patients participated in this study. All subjects were untreated or had discontinued their therapy at least 1 week before the investigation. Patients with valvular heart disease, heart failure or history of previous myocardial infarction or stroke were excluded from the study. Hypertensive patients were recruited from consecutive patients who underwent evaluation of hypertension at the 2nd Department of Internal Medicine, Ehime University Hospital from March to December 1996. Hypertension was defined when patients had a systolic blood pressure (SBP) у 140 mmHg or diastolic blood pressure (DBP) у 90 mmHg without medication in the out-patient clinic on at least two separate determinations. Thirty-eight normotensive subjects were matched for age and sex. They were given a medical examination and the result was normal. Ten subjects who did not have technically satisfactory echocardiograms or carotid echograms were excluded. All procedures were approved by the ethical committee of Ehime University Hospital. Informed consent to the procedure was obtained from each patient.
After overnight fasting, a blood sample was taken to determine the levels of serum total cholesterol, triglyceride, HDL-cholesterol, and blood glucose. After resting for 5 min in the supine position, BP measurement and cardiac and carotid ultrasound examination were performed.
Echocardiography
Details of echocardiographic study have been published previously. [23] [24] [25] In brief, echocardiography was performed with an SSD-9000 echocardiograph (Aloka Co Ltd, Tokyo, Japan) with a 3.5-MHz transducer. Recordings were made at a paper speed of 100 mm/sec. Left ventricular end-diastolic (LVDd) and end-systolic dimension (LVDs) and thickness of the interventricular septum (IVST) and posterior wall (PWT) were measured according to the recommendations of the American Society of Echocardiography. 26 Relative wall thickness was calculated from the formula:
(IVST+PWT)/LVDd × 100. 23 Left ventricular mass was estimated using the formula of Devereux and Reichek, 27 and was divided by the body surface area to obtain the left ventricular mass index (LVMI). Based upon our previous report, LVH was defined as LVMI у120 for men, and LVMI у110 for women. 28 As a systolic function of the left ventricle, fractional shortening (FS) was determined with the following formula:
Carotid artery ultrasonography and doppler measurement
Carotid arteries were evaluated with SSD-2000 (Aloka Co Ltd) using a 7.5-MHz probe equipped with Doppler system. With the neck in slight hyperextension, we evaluated an optimal visualisation of the common carotid artery, carotid bulb, and extracranial internal and external carotid arteries on both sides. From multiple approaches, we detected the presence of discrete areas of atherosclerosis (plaque). Plaque was defined as the presence of wall thickening at least 50% greater than the thickness of adjacent wall. 4, 12 IMT was measured from the multiple approach (anteroposterior, posteroanterior, and lateral) at the far wall 2 cm below the CCA bifurcation in bilateral carotid arteries and averaged to obtain mean IMT. In the presence of plaque, the adjacent area was evaluated. Max-IMT was determined as the highest value of IMT. Haemodynamically significant luminal stenosis (у 50%) was not detected in any subjects.
A two-dimensionally guided M-mode tracing of the carotid artery was performed on the right CCA at 2 cm proximal to the carotid bifurcation in the anteroposterior projection. Plaque site was avoided in the following evaluation. M-mode tracings were obtained with simultaneous electrocardiogram (ECG) and phonocardiogram (PCG) and digitised in real time with a frame-grabber. The axial resolution of the M-mode was 0.1 mm. Since there is a time delay between cardiac cycle and pulsatile movement of the carotid artery, time of end-diastole and of end-systole of the carotid artery were determined as the time of termination of systolic and diastolic cervical blood flow, respectively ( Figure 1 ). Internal diameter of the artery at end-diastole and of endsystole (Dd and Ds, respectively) were determined by continuous tracing of the intimal-luminal interface of the near and far walls of CCA in several cycles and averaged. Arterial strain was calculated according to the formula:
The cross-sectional distensibility coefficient (CSDC) of CCA was determined using the formula:
Carotid arterial stiffness index (␤) was also calculated as follows:
Doppler evaluation was performed on the right CCA at the same site. The carotid artery was scanned in the anteroposterior projection. Under guidance with colour flow mapping, the sample volume was located at the middle of the arterial cavity ( Figure 1 ). Flow velocity-time integrals of systolic and diastolic phase were computed automatically by electronic integration of the instantaneous flow velocity curves to obtain systolic and diastolic mean velocity (Vs and Vd). Mean velocity was also calculated and expressed in cm/sec. Pulsatility and resistance indexes were calculated from the Doppler spectrum as follows: pulsatility index = (Vs − Vd)/mean velocity, resistance index = (Vs − Vd)/Vs.
To evaluate the haemodynamics in CCA, the ratio of Vd/Vs was calculated. The ratio of diastolic/systolic flow volume (Qd/Qs) was also obtained with additional correction for end-systolic and enddiastolic cross-sectional flow area of CCA. These standardised indexes eliminate the effect of variation of the projection angle.
Statistical analysis
All values are expressed as mean ± s.e.m. The difference among the three groups was analysed by analysis of variance. Post hoc comparison with Fisher's test was applied to evaluate the difference between the two groups. The difference in the prevalence was analysed by 2 test. The correlation between two parameters was analysed by the least square method. The stepwise multiple regression analysis was applied to evaluate the determinant factors of the relative diastolic blood flow in the common carotid artery. A probability less than 0.05 was defined as significant.
Results

Characteristics of study participants
Demographic data of the participants are summarised in Table 1 . Body mass index was significantly higher in hypertensive patients with LVH compared with control subjects. There were no differences in risk factors other than hypertension among the three groups. Table 2 summarises left ventricular structure and function in the three groups. There was no difference in LVMI between control subjects and hypertensive patients without LVH. Systolic left ventricular function was not different among the three groups. Table 3 summarises structural and functional parameters of the common carotid artery. IMT and systolic and diastolic dimension of the carotid artery were significantly enlarged in hypertensive patients. The prevalence of plaque was significantly higher in hypertensive patients with LVH. Arterial strain and distensibility of CCA were significantly decreased in patients with LVH, compared with control subjects and hypertensive patients with normal left ventricle. Pulsatility and resistance indexes were significantly increased in patients with LVH, suggesting increase in distal vascular resistance. In the study population, LVMI had significantly correlated with morphological alteration of the common carotid artery including IMT (r = 0.27, P = 0.006), dimension of the carotid artery (r = 0.38, P = 0.0001), as well as the functional parameters including the stiffness (r = 0.52, P = 0.0001) and distensibility (r = 0.35, P = 0.0002) of the artery, and low mean blood flow velocity (r = 0.26, P = 0.009) and relative diastolic blood flow (r = 0.32, P = 0.0008). Figure 2 illustrates the ratio of Vd/Vs and Qd/Qs of the carotid artery in the three groups. Both Vd/Vs and Qd/Qs, reflecting diastolic carotid circulation, were significantly decreased in hypertensive patients with LVH. These findings indicate that relative diastolic blood flow in CCA was significantly impaired in hypertensive patients with LVH compared with control subjects. To determine the independent determinant of the Qd/Qs, stepwise multiple regression analysis was applied with following parameters: haemodynamic parameter; SBP, DBP, pulse pressure, morphological parameters; IMT, number of plaque, Dd of carotid lumen, functional parameters; distensibility, Vd, and LVMI. The parameters entered into the equation were pulse pressure, Dd, distensibility, and Vd (Table 4) .
Structure and functional parameters of left ventricle and common carotid artery
Carotid arterial blood flow parameters and left ventricular mass index
Factors related to decline in diastolic blood flow in hypertensive patients with left ventricular hypertrophy
To further evaluate factors underlying the deterioration of relative diastolic carotid blood flow in hypertensive patients with LVH, correlation coefficients between Vd/Vs and Qd/Qs, and several haemodynamic and carotid arterial structural parameters in patients with LVH(+) were analysed. It revealed that not only the decline in distensibility of the carotid artery but also the decrease in DBP significantly correlated with the impairment of diastolic carotid flow in hypertensive patients with LVH (Table 5) .
Discussion
Hypertension is one of the leading risk factors to the development of atherosclerosis. The structural changes in the common carotid artery in hypertensive patients have been extensively studied. The dilatation of lumen, IMT thickening, and high prevalence of plaque in hypertensive patients were also confirmed in the present study. These morphological changes were associated with the increase in the stiffness of the carotid artery. In hypertensive patients complicated with LVH, the alteration of the local carotid circulation was further advanced, resulting in the decrease in the distensibility, low blood flow velocity, and decrease in the relative diastolic blood flow. LVH is a well established end-organ damage due to hypertension. LVH is further complicated by other changes, such as autonomic nervous dysfunc- impaired diurnal change in BP, 25 and asymptomatic cerebrovascular damages. 29 Although the morphological detection of carotid atherosclerosis by ultrasonography has been shown to be closely related to LVH 13 or left ventricular geometry, 20 there has been no study evaluating the cervical circulation relevant to LVH in hypertensive patients. Since the cervical circulation is more relevant to the pathophysiological meaning rather than the morphological change, we focused on the cervical blood flow in the present study. We demonstrated that the morphological change was associated with haemodynamic alteration in CCA in hypertensive patients with LVH.
In the study population, hypertensive patients had significantly reduced carotid blood flow velocity, irrespective of the complication of LVH. However, since the angle of the ultrasound projection may vary significantly, Doppler study does not permit a direct measurement of arterial blood flow volume or perfusion pressure.
11 Accordingly, we also evaluated the ratio of diastolic and systolic flow parameters in CCA to assess the haemodynamics in the carotid artery. Relative diastolic flow velocity as well as flow volume corrected for cross-sectional flow area was significantly decreased in hypertensive patients with LVH. However, we did not observe any haemodynamic alteration in hypertensive patients without LVH. This finding is consistent with the report of Ferrari et al, 30 who demonstrated that hypertensive patients without clinical evidence of target organ damage had no detectable impairment of cerebral and carotid blood flow.
It has been demonstrated that cervical blood flow parameters are significantly related to cerebral blood flow measured by radioisotope method. 31 Advanced atherosclerosis in the carotid artery was also documented to be related to low cerebral blood flow in the cortical region. 32 Based upon these reports, our observation in the present study may suggest that diastolic cerebral circulation is attenuated in hypertensive patients with LVH in association with increased vascular resistance. The diastolic blood flow of the common carotid artery depends on the peripheral resistance of both external and internal carotid arteries. 17 It has been reported that morphological change 33 as well as blood flow parameters 30 in CCA does not parallel to those in internal carotid artery. Accordingly, there is a limitation in applying our data directly to the cerebral circulation. Since LVH is strongly related to future incidence of stroke, 19 it needs to be elucidated whether the haemodynamic alteration in CCA possesses any prognostic implication in hypertensive patients.
Cerebral blood flow is strictly regulated by auto regulation. 34, 35 However, hypertensive patients complicated with atherosclerosis are prone to ischaemia with a decrease in perfusion pressure. 35 It is demonstrated that mean max-IMT 7 or carotid stenosis 8 had a negative correlation with DBP in elderly hypertensive patients, suggesting lower perfusion pressure may precipitate these abnormal conditions. These findings may be consistent with our finding that diastolic blood flow was significantly correlated with DBP in hypertensive patients with LVH (the lower the DBP, the lower the blood flow). In these patients the speed or degree of the reduction of BP may have some importance, since it has also been demonstrated that a J-shaped relationship exists between BP and incidence of recurrence of cerebral infarction. 36 It is also well documented that arterial distensibility is pressure dependent; 37 the higher the pressure, the greater the attenuation of distensibility. These findings suggest that restoration of the distensibility of the artery could be achieved by antihypertensive treatment. This hypothesis has important clinical implications, since there are several reports demonstrating that distensibility is restored by anti-hypertensive treatment. 38 Further studies are necessary to investigate whether the antihypertensive treatment could improve the carotid haemodynamic alteration in hypertensive patients with LVH.
In summary, we demonstrated that hypertensive patients with LVH had haemodynamic alteration in the common carotid artery. Blood flow velocity as well as the relative diastolic blood flow in CCA was significantly decreased in hypertensive patients with LVH. These alterations may explain the links between LVH and the future incidence of stroke.
